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TITLE OF THE INVENTION 

Method and filter arrangement for digital recursive filtering 
in the time domain 

5 

FIELD OF THE INVENTION 

The invention relates to a method for digital recursive 
filtering according to a rational filter transfer function, a 
10 filter arrangement for filtering accordingly and 
corresponding digital filter stages. 

BACKGROUND OF THE INVENTION 

15 In digital signal processing, electrical signals are 

represented by a sequence of binary signals that are to be 
processed. A major part of this digital processing is done by 
digital filtering. A binary or digital input signal is put 
through a digital filter structure that alters the input 

20 signal according to its particular filter transfer function 
and is output as a desired output signal. For instance, a 
low-pass filter reduces the bandwidth of an input signal. 

In most of the cases, the signals in digital signal 
25 processing represent time-dependent processes. An input 
signal x(t) is converted into an output signal y(t) by a 
filter system which is characterized by its pulse response 
h(t) or its transfer function, wherein both functions are 
connected through a Laplace transform: H(p) =L[h(p)]. A time- 
30 dependent input signal x(t) and the filter output signal y(t) 
are obtained from the convolution integral of the input 
signal x(t) with the filter pulse response h(t): 

y(t) = x(t) * h(t) = J x(t-x)h(T)dx. (eq. 1) 
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digital signal processing usually occurs in discrete time 
steps given by a clock signal, i.e. the values of the time- 
dependent signals and pulse response are only known at the 
times t n , and equation 1 reads: 

5 

y(t n ) = x(t n ) * h(t n ) = J x ( t„-x) h (x) dx . (eq. 2) 

r=-co 

Calculating such a convolution integral in the time domain is 
very elaborate and time-consuming, because the integral has 

10 to be approximated by a discrete sum over a number N of 

samples of the integrand multiplied by the sampling interval. 
The number of samples N in the integration interval 
determines the accuracy of the evaluation. The number of 
complex multiplications that are required for N samples is 

15 proportional to N 2 . 

Methods are known to reduce the order of 0(N 2 ) to O(N-lnN) by 
using a Fast Fourier Transform. This is described in 
Numerical Recipes in C: The Art of Scientific Computing, Vol. 

20 8, Press, 2 nd Edition, Cambridge University Press, 1992. 
Discrete Fast Fourier Transformation means that the 
calculations for the convolution are done in the frequency 
domain and then transformed back into the time domain for 
obtaining the output signal y(t n ) . However, it is favorable 

25 to solve the time-dependent problem posed by eq. 2 also in 
the time domain thereby reducing the amount of calculation 
force and hence increasing the speed of a digital filter. 

Therefore, it is an object of the invention to provide a fast 
30 method and filter arrangement for digital filtering an input 
signal x(t n ) in the time domain that requires a calculational 
effort which is lower than of the order O(N-lnN). 

DESCRIPTION OF THE INVENTION 
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This object is met by a method for digital recursive 
filtering of an input signal according to a rational filter 
transfer function discussed below and a digital recursive 
filter arrangement, also discussed below, as well as other 
5 embodiments of the invention. 

One embodiment of the invention is a method for digital 
recursive filtering an input signal according to a rational 
filter transfer function clocked by a clock signal comprising 
10 the following steps: 

(a) providing first and second order rational functions 
corresponding to the rational filter transfer function; 

15 wherein the following steps are performed iteratively: 

(bl) determining a plurality of intermediate signals from the 
input signal using the first and second order rational 
transfer functions and one or more previous intermediate 
20 signals determined in a preceding clock cycle of the clock 
signal; 

(b2) adding the plurality of intermediate signals to generate 
at least one filter output signal wherein the filter output 
25 signal corresponds to the rational filter transfer function. 

Another embodiment of the invention is a digital recursive 
filter arrangement for filtering an input signal according to 
30 a rational filter transfer function. The digital recursive 
filter arrangement includes first and second inputs, an 
interface, one or more first programmable recursive digital 
filter stages, one or more second programmable recursive 
digital filter stages, and a summing unit. 

35 



The first input receives the input signal. The second input 
receives a clock signal. The interface is configured to 
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receive filter coefficients from a computation unit, the 
computation unit defining first and second order rational 
functions, the first and second order rational functions 
constituting a partial fraction expansion of the rational 
5 filter transfer function, and the computation unit 

calculating filter coefficients according to the partial 
fraction expansion. The one or more first programmable 
recursive digital filter stages of first order are clocked by 
the clock signal. Each first programmable recursive digital 

10 filter stage is operable to determine first intermediate 
signals from the input signal according to the filter 
coefficients corresponding to the first order rational 
functions. The one or more second programmable recursive 
digital filter stages of second order are also clocked by the 

15 clock signal. Each second programmable recursive digital 
filter stage is operable to determine second intermediate 
signals from the input signal according to the filter 
coefficients corresponding to the second order rational 
functions . 

20 

The summing unit is configured to adding the first and second 
intermediate signals for providing filter output signal at an 
output, the filter output signal corresponding to the 
rational filter transfer function. 

25 

The idea of the inventive method and filter arrangement for 
digital filtering is first to provide a representation of the 
desired filter transfer function H(p) which is the Laplace 
transform of the filter pulse response h(t), the 
30 representation being a partial fraction expansion of the 

filter transfer function and consists of a sum of only first 
and second order rational functions. 

The digital filtering according to these first and second 
35 order rational transfer functions is done in an iterative 
process and in parallel for each first or second order 
rational function . 
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The filter output signal is then obtained by summing up the 
intermediate signals corresponding to the first and second 
order rational filter transfer functions. 

5 

It is an advantage of the inventive method and filter 
arrangement that the number of complex multiplications, that 
need to be performed for providing the filter output at a 
certain time t n , is only proportional to N 2 . Therefore, the 
10 inventive method and filter arrangement reduces the 

calculational effort to the order of O(N). This is because of 
the recursive architecture, the current filter output signal 
corresponding to the time t n depends on the filter output 
signal of the preceding clock cycle corresponding to t n -i. 

15 

Since the basic elements of the filter arrangement are only 
first and second order recursive filter stages, the required 
area on a chip and the power consumption is low with respect 
to prior art filters. Further, any filtering of an input 

20 signal according to any desired rational filter transfer 
function is realized by the inventive method and filter 
arrangement. Since the inventive method and filter 
arrangement only resorts to first an second order stages the 
invention is robust against instabilities that usually arise 

25 in higher order filtering. 

Therefore, the inventive method and filter arrangement is 
faster than prior art digital filters, easy to implement on a 
chip, requires a smaller area on a chip and shows a low power 
30 consumption. 

In an advantageous embodiment of the invention, the 
intermediate signals are determined in parallel and at the 
time for each intermediate signal. Then the first and second 
35 filter stages of the inventive digital recursive filter 

arrangement are connected in parallel. By paralleling the 
determining the intermediate signals, the inventive filtering 



S2723 GC/TK 



becomes very fast and providing the intermediate signals 
takes only two clock cycles. 

In a preferred embodiment of the digital recursive filter 
5 arrangement, the computation unit further receives the filter 
output signal for changing the filter coefficients as a 
function of the output signal. In this implementation, the 
inventive filter arrangement is utilized as an adaptive 
digital filter. 

10 

In another preferred embodiment of the inventive digital 
recursive filter arrangement, the computation unit is 
replaced by a memory device coupled to the interface for 
providing the filter coefficients for the first and second 

15 filter stages. This has the advantage that if the recursive 
filter arrangement is used with a fixed filter transfer 
function, the corresponding filter coefficients can be 
calculated externally and stored in the memory device. Then 
the entire filter arrangement becomes less complex and easier 

20 to integrate on a chip. The memory device may be a random 

access memory coupled to a computer, a read-only memory, an 
erasable read-only memory or any appropriate implementation 
for storing filter coefficients. 

25 In yet another preferred embodiment of the recursive filter 

arrangement, there is only one delay element in a signal path 
between the input and the output of the inventive filter 
arrangement. This has the advantage that the delay time 
through the inventive filter arrangement is two clock cycles. 

30 

In a preferred embodiment of the first programmable recursive 
digital filter stages clocked by the clock signal in the 
inventive filter arrangement, the first filter stages 
comprise a first multiplier for multiplying the input signal 
35 by a first multiplication coefficient and a first adder for 
adding the output signal of the first multiplier and a 
recursive signal for providing the intermediate signal 
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wherein the recursive signal is provided by a second adder, a 
delay element and a second multiplier having a second 
multiplication coefficient connected in series, said second 
adder adding the intermediate signal and the output signal of 
5 the first multiplier. The multiplication coefficients are 
programmed according to a recursive convolution in the time 
domain. 

In a preferred embodiment of the second programmable 
10 recursive digital filter states clocked by the clock signal 
of the inventive filter arrangement, the second digital 
filter stages comprise a first node for receiving the input 
signal and a first delay element connected between the first 
node and a second node. 

15 

A first adder adds the input signal that is multiplied by a 
first multiplier having a first multiplication coefficient 
and the signal from the first delay element wherein the 
signal from the delay element is multiplied by a second 
20 multiplier having a second multiplication coefficient. 

A second adder adds the input signal that is multiplied by a 
third multiplier having a third multiplication coefficient 
and the signal from the first delay element, said signal 
25 from the delay element being multiplied by a fourth 

multiplier having a fourth multiplication coefficient. 

A third adder adds the output signal of the first adder, a 
first and a second recursive signal for providing a first 
30 signal at a third node. 

A fourth adder adds the output signal of the second adder, a 
third and a fourth recursive signal for providing a second 
signal at a fourth node. A ninth multiplier multiplies a 
35 second signal by a ninth multiplication coefficient for 
providing the intermediate signal. 



S2723 GC/TK 



8 

The first recursive signal is provided by the output signal 
of a second delay element connected at the fourth node, 
wherein the output signal of the second delay element is 
multiplied by a fifth multiplier having a fifth 
5 multiplication coefficient. 

The second recursive signal is provided by the output signal 

of a third delay element connected to the third node, wherein 

the output signal is multiplied by a sixth multiplier having 
10 a sixth multiplication coefficient. 

The third recursive signal is provided by the output signal 
of the second delay element, wherein the output signal is 
multiplied by a seventh multiplier having a seventh 
15 multiplication coefficient. 

The fourth recursive signal is provided by the output signal 
of the third delay element, said output signal being 
multiplied by an eighth multiplier having an eighth 
20 multiplication coefficient. 

The multiplication coefficients are programmed according to a 
recursive convolution in the time domain. 

25 In an alternative embodiment of the invention, a digital 

recursive filter arrangement for filtering an input signal 
according to a partial fraction expansion representation of a 
rational filter transfer function, the partial fraction 
expansion being a sum of first and second order rational 

30 functions to be used as first and second intermediate filter 
transfer functions is provided. 

The inventive digital recursive filter arrangement according 
to the alternative embodiment comprises a first input for 
35 receiving the input signal, a second input for receiving a 

clock signal, first recursive digital filter stages of first 
order clocked by the clock signal for determining first 
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intermediate signals according to the first order 
intermediate filter transfer functions from the input signal 
by means of a discrete recursive convolution in the time 
domain. It further comprises second recursive digital filter 
5 stages of second order clocked by the clock signal for 
determining second intermediate signals according to the 
second order intermediate filter transfer functions from the 
input signal by means of a discrete recursive convolution in 
the time domain. The inventive filter arrangement further 
10 comprises a summing unit for adding the intermediate signals 
of the first and second filter stages and for providing a 
filter output signal at an output, the filter output signal 
corresponding to the rational filter transfer function. 

15 This alternative embodiment of the invention is particularly 
advantageous for realizing a digital filter for filtering 
with a fixed transfer function, because the first and second 
filter stages are implemented accordingly. This alternative 
embodiment of the invention does not require an interface or 

20 computation unit and is easy to implement on a chip. 

Further embodiments and preferred implementations of the 
first and second digital filter stages that may be used in 
the first and second embodiments described above. Further 
25 advantages and embodiments of the invention are subject of 
the dependent claims as well as the specification with 
reference to the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 

The figures illustrate: 

Fig. 1: an inventive digital recursive filter stage of first 
order; 

35 

Fig. 2: an inventive digital recursive filter stage of second 
order; 
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Fig. 3: a preferred embodiment of the digital recursive 
filter arrangement according to the invention; and 

5 Fig. 4: an alternative embodiment of the digital recursive 
filter arrangement according to the invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODMENTS OF THE INVENTION 

10 Recursive filtering by means of a discrete recursive 
convolution in the time domain: 

First, the inventive method for digital recursive filtering 
by means of a recursive convolution in the time domain is 
15 presented with respect to first and second order filter 
transfer functions . 

If the pulse response h(t) can be written in terms of an 
exponential function 

20 

h(t) = h Q e u , (eq. 3) 

the convolution integral of eq. 2 can be split in partial 
integrals corresponding to integrations of time intervals 
25 At = t n -tn-i. Indeed, pulse responses corresponding to 
rational filter transfer functions H(p) can always be 
expressed according to eq. 3 as it is explained below. 

Exploiting the particular form of the response h(t) eq. 2 can 
30 be written as: 

'« 

y(t n ) = yltn-ile^ + h 0 e Mt \ X^e^'^dr. (eq . 4) 



35 



Using the well-known trapezoid rule for approximately 
evaluating the remaining integral, one obtains the following 
recursion formula : 
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y(tn) = ^. 1 ) + ^^ fl - 1 )] e"«= + Ml^J. (eq. 5) 

Eq. 5 provides for a recursive calculation of the convolution 
5 according to eq. 2, if the pulse response has a 

representation in terms of exponential functions. Instead of 
evaluating an integral over the entire time passed - as it is 
required usually - only simple multiplications need to be 
performed. 

10 

First order recursive filtering: 

A transfer function having a single real pole is written as: 
h 

15 H(p) = °—, (eq. 6) 

and leads to the corresponding pulse response h(t) by an 
inverse Laplace transform: 

20 h(t) = L" 1 [H(p)] = h 0 e a * . (eq. 7) 

In the case of , the first order filter transfer function, 
eq. 5 can immediately be employed. 

25 Fig. 1 shows a digital filter stage 1 of first order. The 
filter stage realizes eq. 5 for the first order transfer 
function of eq. 6. 

The filter stage 1 comprises a first multiplier 101 for 
30 multiplying the input signal x(t n ) by a first multiplication 
coefficient kl, a first adder 11 for adding the output signal 
of the first multiplier 101 and a recursive signal 30 for 
providing the filter output signal y(t n ). 
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The recursive signal 30 is provided by a second adder 10, a 
delay element 130 and a second multiplier 102 having a second 
multiplication coefficient k2 connected in series, wherein 
the second adder 10 adds the filter output signal y(t n ) and 
5 the output signal of the first multiplier 101. 

According to eq. 5, the filter coefficients kl and k2 read: 



10 



kl = Ml and k2 , . (eq . 8) 



The adders, multipliers and the delay element, which is 
preferably a memory element, are all clocked by the clock 
signal elk. 



15 Hence, without doing elaborate convolution integrals in the 
time domain or resorting to Fast Fourier transforms, the 
output signal y(t n ) is provided within two clock cycles due 
to of the memory cell storing the output signal y(t n -i) of the 
preceding clock cycle. 

20 

Second order recursive filtering: 

By way of example, a filter transfer function H(p) having a 
pair of complex conjugate poles is considered: 

25 

H "» ■ 7—i r-K. C.q. 9) 

where the symbol j denotes the imaginary j 2 = -1. 
30 The transfer function has a pulse response: 

h{t) = L- l [H{p)] = -— e*+—- e l '';X = a l (a 0 -j(a 0 +a l <T 0 ). (eq. 10) 

2<y 0 2o) 0 

The two poles occur at A = cr 0 ±jco 0 . Along the lines of eq. 5, 
one obtains now two recursion relations because of the 
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imaginary and real parts y (R) (t n ) and y m (t n ) . The recursion 
relations corresponding to the first pole can be written in a 
compact form in terms of matrices: 



U (l) (0, 



kl3 kl4 



('„-,)! 



r k2\ k22 } 
kll k24 



< X «n) j 



where the matrix coefficients read as follows: 
kll = cos (co 0 At) e"*" 
kl2 = -sin(cooAt) e"^ 
kl3 = sin((o 0 At) 
15 kl4 = cos ((o 0 At) e"* 1 
At 



k21 = — e'* 
4 
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^0 


O) 0 


J 



sin(<y 0 A0 + a, cos(<y„ At) 



(eq. 11) 



20 



k22 = 



k23 = 



a,At 



4 



\ 

cos(<y 0 At) + a x sin(<y 0 A<) 



k24 = 

4 ^ 0 a> 0 J 



(eq. 12) 



25 An analog recursion relation is derived for the second pole. 
The requirement of a real output signal leads to the actual 
physical filter output y(t n ) = 2 y {R) (t n ) . 

Fig. 2 shows a preferred embodiment of a digital filter stage 
30 2 of second order for filtering according to the recursive 
convolution in the time domain for a transfer function 
corresponding to eq. 9. 
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The digital filter stage 2 comprises a first node 20 for 
receiving the input signal x (t n ) , a first delay element 131, 
which is preferably a memory cell, connected between the 
5 first node 20 and a second node 21. 

A first adder 12 adds the input signal x(t n ) that is 
multiplied by a first multiplier 124 having a first 
multiplication coefficient k24 and the signal x(t n _i) from the 
10 first delay element 131, wherein the delayed signal x(t n -i) is 
multiplied by a second multiplier 123 having a second 
multiplication coefficient k23. 

A second adder 13 adds the input signal x(t n ) that is 
15 multiplied by a third multiplier 122 having a third 

multiplication coefficient k22 and the signal x(t n -i) from the 
first delay element 131, wherein the delayed signal x(t n -i) is 
multiplied by a fourth multiplier 121 having a fourth 
multiplication coefficient k21. 

20 

A third adder 14 adds the output signal of the first adder 

12, a first and a second recursive signal 31, 32 for 
providing a first signal y (I) (t n ) at a third node 22. 

25 A fourth adder 15 adds the output signal of the second adder 

13, a third and a fourth recursive signal 33, 34 for 
providing a second signal y (R) (t n ) at a fourth node 23. 

A ninth multiplier 103 for multiplying the second signal 
30 y {R> (t n ) by a ninth multiplication coefficient k3 for 
providing the filter output signal y(t n ). 

The first recursive signal 31 is provided by the output 
signal y (R) (t n _i) of a second delay element 132 connected at 
35 the fourth node 23, wherein the output signal y (R) (t n _i) is 
multiplied by a fifth multiplier 113 having a fifth 
multiplication coefficient kl3. 
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The second recursive signal 32 is provided by the output 
signal y (I) (t n -i) of a third delay element 133 connected to the 
third node 22, wherein the output signal y (I) (t n -i) is 
5 multiplied by a sixth multiplier 114 having a sixth 
multiplication coefficient kl4. 

The third recursive signal 33 is provided by the output 
signal y (R> (t n -i) of the second delay element 132, wherein the 
10 output signal y (R) (t n -i) is multiplied by a seventh multiplier 

111 having a seventh multiplication coefficient Jell. 

The fourth recursive signal 34 is provided by the output 
signal y (I) (t n -i) of the third delay element 132, wherein the 
15 output signal y (I) (t n -i) is multiplied by an eighth multiplier 

112 having an eighth multiplication coefficient kl2. 

All the delay elements, adders and multipliers are clocked by 
a clock signal elk. 

20 

The multiplication coefficients or filter coefficients, 
respectively, are given by the matrix elements of eq. 12 and 
k3 = 2. Should poles occur in a pulse response that are not 
pairs of complex conjugate the inventive method still 
25 prescribes recursion relations. As a remedy for such poles 

also slight de-tuning of the filter to cancel the poles is an 
option. 

The preferred embodiment of a second order recursive digital 
30 filter stage provides in two clock cycles the filter output 
signal y (t n ) . 

Higher order recursive filtering and filter: 

35 In general, rational functions that are ratios of two 

polynomials P(p) and Q(p) can always be written as a sum of 



■ S2723 GC/TK 



16 



first and second order rational functions by means of a 
partial fraction expansion. 

Therefore, any desired rational filter transfer function may 
5 be expressed as a sum of first and second order rational 
filter functions according to eq. 6 and eq. 9. Hence, the 
digital filtering according to a rational transfer function 
is done in parallel by units of filter stages according to 
the invention. The filter stages of first and second order 
10 then perform in parallel in accordance with the recursive 
convolution in the time domain fast digital filtering. 

Fig. 3 shows an inventive digital recursive filter 
arrangement 4 for filtering an input signal x(t n ) according 
15 to a rational filter transfer function H (p) . The filter 

arrangement comprises a first input 8 for receiving the input 
signal x(t n ), a second input for receiving a clock signal 
elk, an interface 6 for receiving filter coefficients from a 
computation unit 3. 

20 

The computation unit 3 performs a partial fraction expansion 
of the desired rational filter transfer function H(p) and 
provides a sum of first and second order rational filter 
functions which are used as first and second order 

25 intermediate filter transfer functions for the inventive 

first and second order filter stages. The computation unit 
may be coupled to external control circuitry, a user 
interface or other means that provide H(p) for receiving the 
desired rational filter transfer function H(p). The 

30 computation unit 3 also calculates the filter coefficients, 

or multiplication coefficients respectively, according to the 
partial fraction expansion and a recursive convolution in the 
time domain. 

35 The filter arrangement further comprises a plurality of first 
programmable recursive digital filter stages of first order 
1-1,... 1-m which are clocked by the clock signal elk. The 
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first programmable recursive digital filter stages receive 
the input signal x(t n ) and output first intermediate signals 
yn (t n ) , . . -yim(tn) according to the filter coefficients 
provided by the computation unit 3. 

5 

The computation unit 3 may comprise ordinary processing 
elements including a memory, or may be embodied primarily as 
a memory that generates filter coefficients using a look-up 
table or the like. 

10 

A second plurality of programmable recursive digital filter 
stages of second order 2-1,... 2-1 clocked by the clock signal 
also receive the input signal x(t n ). The second order filter 
stages output second intermediate signals y 2 i (t n ) , . . . y2i (t n ) 
15 according to the filter coefficients provided by the 

computational unit 3 according to a recursive convolution in 
the time domain. 

A summing unit 16 adds all the intermediate signals 
20 yn (t n ) , • . .yim(tn) , Y2i ( t n ) , . . . y 2 i ( t n ) of the first and second 

filter stages 1-1,... 1-m, 2-1,... 2-1 and provides the filter 
output signal z(t n ) at the output 7. 

The filter output signal z (t n ) corresponds to the rational 
25 filter transfer function H(p). 

The output 7 is also coupled to the computation unit 3 such 
that the computation unit 3 changes the filter coefficients 
as a function of the output signal. Hence, the inventive 
30 digital recursive filter arrangement works as an adaptive 
filter . 

Fig. 4 shows an alternative embodiment of the digital 
35 recursive filter arrangement 4 for filtering an input signal 
x(t n ) according to a partial fraction expansion 
representation of a rational filter transfer function H(p). 
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The partial fraction expansion consists of a sum of first and 
second order rational functions which are used as first and 
second order intermediate filter transfer functions. 

5 The alternative embodiment comprises a first input 8 for 
receiving the input signal x(t n ), a second input for 
receiving the clock signal elk, first and second recursive 
digital filter stages 1-1, ... 1-m, 2-1, ... 2-e and a 
summing unit 16. 

10 

The first recursive digital filter stages 1-1,... 1-m are of 
first order and clocked by the clock signal elk and determine 
the first intermediate signal yn (t n ) , . . . yi m ( t n ) according to 
the first or intermediate filter transfer functions from the 
15 input signal x(t n ) by means of a discrete recursive 
convolution in the time domain. 

The second digital filter stages 2-1,... 2-1 are of second 
order and clocked by the clock signal elk. The second filter 
20 stages determine the second intermediate signals 

y2i (t n ) , . . . y2i (t n ) according to the second order intermediate 
filter transfer functions from the input signal x(t n ) by 
means of a discrete recursive convolution in the time domain. 

25 The summing unit 16 adds all the intermediate signals 

yn (t n ) , - • •yim(tn) , Yzi ( t n ) / . - • yn ( t n ) of the first and second 
filter stages 1-1,... 1-n, 2-1,... 2-1 and provides the filter 
output signal z (t n ) at the output 7. The filter outputs 
signal z(t n ) corresponds to the rational filter transfer 

30 function H (p) . 

Although the invention has been described in terms of 
particular structures, devices and methods, those skilled in 
the art will understand based on the description herein that 
35 it is not limited merely to the subject examples and that the 
full scale of the invention is properly determined by the 
claims that follow. 
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REFERENCE SIGNS: 



1, 1-1, . . . 1-m 

2, 2-1, . . . 2-1 
5 3 

4 
6 
7 
8 

10 10 - 16 

101, 102, 103 

111 - 114 

121 - 124 

elk 
15 x(t„) 

Z" 1 , 130 - 133 

20, 21, 22, 23 

30 - 33 

kl, . . . , k24 



filter stages of first order 

filter stages of second order 

computation unit 

digital filter arrangement 

interface 

output node 

input node 

adder 

multipliers 
multipliers 
multipliers 
clock signal 

input signal at clock time t n 

delay element 

nodes 

recursive signals 
multiplication coefficients 



